18 O profiles and their change with time, together with a one-box analytical model and a five-box numerical model, a mean discrimination of 12 ± 1% was estimated for the two sites (including effects of concentration and temperature gradients). This low discrimination was consistent with that determined in closed-system soil incubation experiments (8.4 -16.9%). The current understanding of the composition of air O 2 attributes the magnitude of the fractionation in soil respiration to biochemical mechanisms alone (about 18% and 25-30% in cyanide-sensitive and cyanideresistant respiration, respectively). The low discrimination we report is significantly less than in dark respiration and is explained by diffusion limitation in soil aggregates and root tissues that results in low O 2 concentration in the consumption site. Soil respiration is a major component of the global oxygen uptake, and the potential contribution of low discrimination, such as observed here, to the global Dole effect should be considered in global-scale studies.
Introduction
The 18 O enrichment of atmospheric O 2 with respect to ocean water is known as the ''Dole effect.'' Changes in the Dole effect have been used to infer past variations in the ratio of marine to terrestrial biospheric production, related to past climatic changes [Bender et al., 1994; Malaize et al., 1999] . Further, describing quantitatively the present-day Dole effect (23.5% with respect to SMOW [Kroopnick and Craig, 1972] ) is an important constraint to our interpretations of the present oxygen cycle and of the carbon cycle coupled to it [Bender et al., 1994] . In order to derive quantitative estimates of variations in the Dole effect it is necessary to gain better understanding of the basic processes affecting the isotopic composition of O 2 during its photosynthetic production and respiratory consumption. There is convincing evidence that photosynthesis produces O 2 of similar d
18
O to the substrate water [Guy et al., 1993 , Yakir et al., 1994 , whereas respiration preferentially removes the lighter isotope [Guy et al., 1989; Lane and Dole, 1956; Robinson et al., 1995] . As a result, atmospheric O 2 becomes enriched in 18 O with respect to ocean water [Dole, 1935] . O 2 produced by the terrestrial biosphere has, on average, higher d
18 O than ocean water because the substrate, leaf water becomes enriched in 18 O because of evapotranspiration [Dongmann, 1974; Gillon and Yakir, 2001; Yakir et al., 1994] . Thus increased Dole effect can be interpreted to indicate increased terrestrial/marine production and vise versa. The global Dole effect (DE) is often described in terms of a global isotopic mass balance
where d a is the d 18 O of atmospheric O 2 , d O is the d 18 O of seawater, P is production, D is discrimination, and the O, T, and G subscripts represent ''ocean,'' ''terrestrial,'' and ''global,'' respectively. Steady state biosphere productivity is assumed: P o + P T = R o + R T = P G , and the terrestrial component D T is
where d L is the average d 18 O of leaf water and the subscript ag stands for ''above ground'' (including both dark and light respiration). In this investigation we focused on the soil respiration component D soil R soil , which is a major component of the global carbon and oxygen cycle and accounts for about one quarter of the global O 2 uptake.
In recent treatments of past variations in the Dole effect it was assumed that global terrestrial respiration preferentially discriminates against 18 O by 18% with respect to 16 O 2 [Beerling, 1999; GLOBAL BIOGEOCHEMICAL CYCLES, VOL. 0, NO. 0, PAGES 1 -9, MONTH 2001 Copyright 2001 by the American Geophysical Union.
Paper number 2000GB001371. 0886-6236/01/2000GB001371$12.00 Bender et al., 1994; Malaize et al., 1999] . This value is based on measurements in isolated plant organs [Guy et al., 1993 [Guy et al., , 1989 ] that may represent the discrimination in the major biochemical pathways of any organism [Bender et al., 1994] . However, D soil is likely to integrate more complex effects as was shown in recent direct measurements of root discrimination [Angert and Luz, 2001] . These measurements indicated much smaller average discrimination of 14.5%, probably due to diffusion limitations. Guy et al. [1989] noted that when O 2 diffusion to the consumption site is slow, the discrimination of a system would depend not only on the discrimination in the consumption D con but also on the discrimination in diffusion D diff and on the relative rates of consumption and diffusion. This was shown in detail for CO 2 consumption by leaves [Farquhar et al., 1982] :
where D is the overall discrimination and C a and C i are the substrate concentrations in the ambient air and in the reaction site, respectively. In an extreme case where diffusion is very slow in comparison to respiration, substrate level (e.g., O 2 ) in the consumption site is near zero, and any O 2 entering is immediately reacted. The discrimination in this case is only due to diffusion. Bender et al. [1994] recognized the role of diffusion limitation on oxygen isotope discrimination in their treatment of the Dole effect. They suggested that in the ocean the role of diffusion limitation is negligible, because most of the respiration takes place by small organisms in which the ratio of surface area to volume is large. However, this limitation cannot be neglected in soils in which O 2 supply to the consumption site is slowed down first by diffusion in the soil profile and then by slow diffusion in soil aggregates and in root tissues (which, unlike leaves, limit gas exchange). Hence we expect the overall discrimination against 18 O in soil respiration to be lower than that in dark respiration alone (about 18% and 25 -30% in cyanide-sensitive and cyanide-resistant respiration, respectively [Guy et al., 1989; Robinson et al., 1995] ).
To the best of our knowledge, there is only one previous study in which the d
O of O 2 in soil air was measured [Aggarwal and Dillon, 1998 ]. In the present study, the discrimination against 18 O in soil respiration was evaluated by monitoring [O 2 ] and d
18 O in the upper 1.5 m of the soil, where most of the biological activity and respiration take place. Measurements were carried out at two orchards with clayey and sandy soils. These sites were good model sites, with high respiration rates comparable to forests that contribute a large portion of global soil respiration. In addition to the soil air monitoring, soil aggregates from these sites were incubated at the laboratory, and their respiratory discrimination was determined.
Methods

Study Sites
Two model study sites were chosen in the coastal plain of Israel. The first was a citrus orchard near Kefar-Vitkin. At this site the soil changes gradually from clay in the top layers to sandy clay loam in the deeper ones, and therefore this site will be referred to as the ''clayey soil site.'' In the summer months this orchard is irrigated every second week.
The second site was an avocado orchard located near Caesarea, $20 km north of the first one. The soil in this site is sandy, and it will be referred to as the ''sandy soil site.'' A thin layer of leaf litter is present above the soil in this site. In the summer months this orchard is irrigated every morning.
Monitoring of Soil Air
To sample soil air at the clayey soil site, we have inserted five Nalgene tubes (1/16 inch ID, 1/8 inch OD) at evenly spaced intervals (30 -150 cm) in a drilled hole. The hole was filled with alternate layers of sand and bentonite clay in such a way that the opening of each tube was centered in a 10 cm layer of sand. The sand layers ensured easy pumping of air from the ground, and the clay layers prevented movement of air from layer to layer during sampling.
In the sandy soil site, a stainless steel tube (10 mm ID, 12.5 mm OD) was inserted into a pilot hole made by hammering a 10 mm diameter rod into the soil. The tube end was pointed to ensure easy insertion into the pilot hole, and 2 mm diameter holes were drilled above the pointed end for soil air collection. A 7 mm diameter rod inserted inside the tube reduced its dead volume. The soil air was collected from a depth of 90 cm.
In both sites, soil air was collected in pre-evacuated 4 cm 3 glass flasks with a Louwers-Hapert O-ring valve. The time interval between sampling was shorter than the typical time for diffusion of each soil. Before sampling, the dead space in the tubing and flasks' necks was purged with soil air (an amount $10 times the dead volume). To prevent possible air leaks across the valve's Oring, the ports of the valves were filled with water both after evacuation and after sampling. In this case, even when the O-rings did not perfectly seal, any leakage consisted of water vapor that was eliminated during sample preparation prior to mass spectrometric measurement.
The ratio of O 2 to Ar was determined by mass spectrometric analysis of the same sample used for isotopic analysis. Sample preparation and mass spectrometry was according to Luz et al. [1999] . The preparation of the sample included cryogenic removal of water vapor and CO 2 and chromatographic separation of N 2 . When pure O 2 -Ar mixture is analyzed, it is not necessary to correct the measured d
18 O for the effect of N 2 interference in the ion source of the mass spectrometer [Emerson et al., 1999; Sowers et al., 1989] Oxygen concentrations were calculated from dO 2 /Ar, assuming that since argon is inert, its concentration is constant. In order to check this assumption we compared the oxygen concentration measured in a sample from the clayey soil site by the dO 2 /Ar method to the concentration that was measured volumetrically. In the latter method, O 2 and argon were chromatographically separated from the soil air, and their combined volume was determined with an MKS transducer. The difference between the results of the two methods was smaller than the error in the last method (±5%). The isotopic discrimination effect D is related to the instantaneous fractionation factor (D = (1 À a pÀs ) Â 10 3 ). The instantaneous fractionation factor is defined as a pÀs = R p /R s , where R s and R p are the isotopic ratio ( 18 O/ 16 O) of the oxygen substrate and the respired O 2 , respectively. (Following Guy et al. [1989] , we report the isotopic discrimination as D. In various other papers the discrimination is reported as e, where e = ÀD).
In the clayey soil site all samples were measured in duplicate, and the average error based on the duplicates was ±0.03% and ±4% for d
18
O and dO 2 /Ar, respectively. Because of the very weak signal (small isotopic variation) in the sandy soil site, 10 replicates were taken from the sampling depth. In addition, two samples of the air above the soil were sampled by the same method as used for sampling soil air. Atmospheric air samples were measured between soil air samples and used to verify the adequacy of the sampling method and the calibration and stability of the mass spectrometer.
(%) (%)
The confidence intervals for the sandy soil samples were (for 95% confidence level) ±0.015% for d
18 O and ±0.8% for dO 2 /Ar. Additional samples were taken for CO 2 concentration measurements, by piercing evacuated blood collection tubes (vacutainers) with a needle attached to the sampling tube. Soil air was flushed through the needle before sampling. The CO 2 concentration was measured in the laboratory with a LI-COR-6252 by the method of Davidson and Trumbore [1995] with a relative error of ±5%.
The diffusivity k in a soil is a function of the diffusivity in air k 0 and the properties of the soil Q that depend on the structure of the gas-filled pore space:
Q was assessed by two independent methods. In the first method it was calculated from the soil porosity and soil moisture content (which was measured gravimetrically) using the simplified formula of Millington and Shearer [1971] modified by Davidson and Trumbore [1995] Q ¼ a er 2z ða er =e er
where a er is the air-filled interaggregate porosity, e er is the total interaggregate porosity, and z is derived from the following equation:
The interaggregate porosity of the clayey soil was estimated from the water content in field capacity [after Davidson and Trumbore, 1995] and the total porosity. The total porosity was assumed to be the typical porosity for clay soils (50 -60%). For the sandy soil the interaggregate porosity was taken as the measured total porosity (41%), since no aggregates were present. In the second method, Q was assessed directly by measuring the CO 2 concentration in the top layer (30 cm depth) and flux of CO 2 from the soil. The CO 2 flux was measured by LI-COR-6400 with a 6400-09 soil chamber. Q is calculated from the ratio between the measured CO 2 flux F and the diffusion flux that would have occurred in air (Q = F/(k 0 D[CO 2 ]/DZ). The differences between the Q values obtained in the two methods were less than 50%.
Incubation Experiments
About 15 cm 3 soil were incubated in a 30 cm 3 airtight chamber for 1 -3 days. The air in the incubation chamber was sampled at the end of the experiment, and the respiratory fractionation was calculated from the change in [O 2 ] and d 18 O of O 2 . Soil for the incubation experiments was sampled from the clayey soil site 3 days after irrigation from two levels, 10 cm (clay) and 120 cm (sandy clay loam). The samples were broken into aggregates of $0.5 cm diameter and were incubated at the field moisture content (28% and 16% by weight, respectively) in some experiments, and with an addition of 0.5 cm 3 water in others. In another experiment, soil from 10 cm depth was disaggregated by its suspension in water by continuous stirring in an incubation chamber. The respiratory discrimination was determined by sealing the incubation chamber for 24 hours (while mixing) and measuring dissolved [O 2 ] and d
18 O at the beginning and the end of the incubation period. The soil samples from the sandy soil site (10 cm and 90 cm depth) were incubated as well at the field moisture content (11% and 10%, respectively).
In the experiment with samples from the sandy soil site, roots were screened out before incubation. The incubation experiments of the clayey soils started 3 days after sampling of the soils, in order to exclude respiration by live dissected roots present in the sample.
Results
Soil air from the clayey soil site was sampled in two field experiments. In each experiment, soil air was sampled over 2 -3 day intervals. The first experiment started 10 days after the last irrigation and lasted 3 days. The second experiment started 3 days after a rain event and lasted 8 days. Both experiments ended before the next rain/irrigation event. The results of these experiments are shown in Table 1 Two field experiments were performed in the sandy soil site. Soil air was sampled at 90 cm depth in a different spot in the orchard for each experiment. In the first experiment, soil air was sampled 3, 9, and 21 hours after the irrigation. In the second experiment, soil air was sampled 2 and 6 hours after the irrigation. The results of these experiments are summarized in Table 2 . The O 2 concentration in the soil air at all sampling times was 20.38% in the first experiment and 20.53% in the second. The soil air was enriched in 18 O, on the average, by 0.06% relative to atmospheric oxygen in the first experiment and by À0.06% in the second, with no significant changes among the different sampling times. The temperature difference between the soil at 90 cm depth and the soil surface was 1.4°C to 3.4°C with an average of 2.8°C in the first experiment and 1.6°C to À1.6°C with an average of 0.0°C in the second. The discriminations measured in the different soil incubation experiments and the respiration rates are summarized in Table 3 .
Discussion
Discrimination in the Clayey Soil Site
In order to evaluate the discrimination in soil respiration, it is first necessary to understand the dynamics of the oxygen in the soil. Two trends in oxygen concentrations were observed: (1) [Mason and Marrero, 1970] ). As discussed above, the increase in diffusivity that resulted from drainage and evapotranspiration produced a net flux of oxygen from the atmosphere to the soil with large discrimination and with a contrasting effect on soil O 2 to that of respiratory consumption.
Two consecutive steps of limiting diffusion occur in soil respiration. The first step is diffusion of atmospheric oxygen into the soil profile, and the second involves diffusion of oxygen from the soil air spaces into the consumption sites inside roots or soil aggregates (viewed as an aggregate/root ''inner box'' located inside a soil ''outer box''). In terms of (3), in the second step, D con is equivalent to the discrimination associated with the biochemical reaction and D diff is the discrimination in diffusion (in gas or liquid) into the root or soil aggregate. D of this step (again in terms of (3)) will be referred to as D 0 soil . In the first step, D diff is associated with O 2 diffusion from the atmosphere into the soil, and D con integrates ''inner box'' and therefore both the biochemical reaction and any small-scale diffusional components. D is the overall discrimination in soil respiration D soil . We are interested in estimating the overall discrimination in soil respiration D soil and the relative importance of each step. We first evaluate the discrimination in the ''inner box'' of the root/aggregates against soil air (D 0 soil ) and then include the effect of diffusion into the soil profile and estimate overall D soil of the ''outer box.'' D 0 soil cannot be evaluated from simple Raleigh-distillation-type calculations, since the soil air is not a closed system. Two models were employed in order to estimate the discrimination of a soil system that continuously exchanges oxygen by diffusion. 
where I is the incoming diffusion flux, O is the outgoing diffusion flux, and R is the consumption flux in the soil. (7) into (8) yields
The first term in the numerator represents the removal of light oxygen by respiration, the second term represents the introduction of light oxygen by net diffusion, and the third term represents the effect of mixing of soil air with the atmosphere (omitting d 18 O atm = 0 as above). 
Equation (10) is, in fact, the equivalent for soils of equation (3). From equation (10) 
Equation (11) states that in order to explain a decrease in d 18 O s the influx of light oxygen by diffusion must be greater than the removal of light oxygen by uptake. Let us assume that discrimination in the soil is 18%, as it was assumed in previous studies of the Dole effect. Substituting D diff = 14% and D 0 soil = 18% in (11) yields R/N < 0.78. That means that for obtaining a decrease in d
18 O when D 0 soil = 18%, the system must be far from steady state and the influx of oxygen into the soil must be significantly larger then the removal of oxygen by consumption in the soil (in steady state, R = N). R can be calculated by rearranging (7)
and the rate of net diffusion can be calculated from the oxygen gradients between the soil and the atmosphere and the diffusion coefficient (N = kD[O 2 ]/DZ). The rate of change in [O 2 ] is taken as the change in the average concentration in the soil. Thus, for the first experiment, R/N is estimated as 0.93 and 0.97 for the first and second experiments, respectively. Since the estimated R/N values indicate that the system was close to steady state, we were justified in using (10) to conclude that the discrimination associated with O 2 consumption in this soil, D 0 soil , was lower than 14%. In contrast, (11) cannot be satisfied if we assume that the discrimination in soil respiration equals 18%, as conventionally assumed. In fact, in order to obey the condition in (11) with this value, N has to be divided by a factor of 5. This factor is much greater than the uncertainty in estimating the diffusion coefficient or the oxygen gradients.
In the discussion above it was assumed that diffusion and respiration were the only important mechanisms, but three additional mechanisms might affect [O 2 ] and d 18 O in soil: gravitational settling, advection, and thermal diffusion. The effect of gravitational settling on d
18 O is less than 0.01% at a depth of 1 m and can be neglected. Advection mixing in soils is negligible when there are no vigorous winds present [Stern et al., 1999] , and none were present in our experiments. Thermal diffusion will increase d 18 O at the cold end of a temperature gradient, and in steady state [Chapman and Cowling, 1970] ,
where a is the thermal diffusion factor (a = 3 Â 10 À5 T + 0.0032 after Grew and Ibss [1952] ) and T and T 0 are the temperature values at the two ends. A 10°C gradient will generate $0.4% thermal diffusion signal in d 18 O. However, the temperature change in the observed profile, below 20 cm, was less than 0.5°C; hence thermal diffusion can be neglected at deeper levels (its effect is $0.02%). Steeper gradient was present in the top 20 cm ($4°C), but since the direction of the gradient changes between night and the day and the diffusivity of the soil was low ($0.1 m 2 /d), the effect of thermal diffusion must have been erased (by reversing its direction) before it could be established. Severinghaus et al. [1996] described a ''water vapor flux fractionation effect'' in a sand dune located in an arid area. This effect is driven by water vapor gradients in the dune. In our study site this effect must be negligible because the soil moisture content was high throughout the profile (10 -30% by volume) and the relative humidity of the soil air was probably 100% at all depths in three of the four soil experiments. In the first experiment in the clayey soil the top centimeter of the soil was dry. However, this dry layer was cracked, the air in it was probably well mixed by advection, and its d
18 O was close to that of the atmosphere.
4.1.2. Five-box numerical model. A more sophisticated approach for analyzing the d 18 O profile than the one-box model is the numerical model illustrated in Figure 1 . Aggarwal and Dillon [1998] developed a continuous analytical model for the same purpose. However, Stern et al. [1999] noted that such analytical models for CO 2 isotopes require somewhat unrealistic simplification in order to obtain a solution. These unrealistic simplifications Figure 1) . The model time step was 1/8 hour. In a sensitivity analysis we found that adding more layers to the model, or decreasing the time step, did not significantly change the predicted profile. Running the model until it reached steady state gave similar results to (10). The model shows that in steady state, when the discrimination in consumption is smaller than diffusion, d
18 O s will be negative and will decrease with depth ( Figure 2) . Conversely, when the discrimination in the soil is larger than that in diffusion, the d
18 O s will be positive and will increase with depth.
Simulating rain or irrigation, by setting the diffusivity to zero and then increasing its value to simulate drainage, generated d
18
O s profiles that are similar to the observed ones (Figure 3) 18 O and an overshoot. Finally, in the last stage the soil air reaches steady state. The final stage was never observed in this study site because the next irrigation occurred within the second stage.
The dynamic model described above was also used to estimate the discrimination of the soil uptake (D 0 soil ) by a reverse modeling approach. We assumed that the respiration rates, diffusion coefficients, and discrimination in all the layers were constant in the time span between two samplings. By repeated simulation runs we determined the respiration rates for each layer that gave the best fit with observed [O 2 ] profiles. The simulations were then repeated to derive the discrimination value with best fit with observed d 18 O profiles (Figure 4) .
The weighted-average D 0 soil calculated for all the layers was 11.3 ± 0.3% for the first experiment and 13.1 ± 0.7% for the second (differences in discriminations between layers were within the experimental error: see Table 1 ). In both experiments the estimated discrimination is much weaker than that in dark respiration. The main source of error in calculating the discrimination with this model is the estimated diffusivity of O 2 in the soil (error of estimate of ±50%). In some samples from the second experiment, O 2 level was very low, and there was not enough oxygen gas for analysis of 
soil i is the discrimination in uptake in layer i. To calculate the concentration of an O 2 species x in layer i, at time t + Dt, the following equation was used: O profiles in steady state, for discrimination in soil respiration of 12%, 14%, and 16% (with the same respiration and diffusion profiles for all runs). 6 low, the uncertainty in the initial d
18 O values did not significantly influence the calculated discrimination values.
Discrimination in the Sandy Soil Site
The small difference in O 2 concentration between the soil air and ambient atmosphere at the sandy soil site indicated, as expected, rapid mixing between the two reservoirs. The stability of both [O 2 ] and d
18 O values in the two experimental runs indicated that the soil air was close to steady state with respect to diffusion-respiration. As discussed above, this permits the use of the analytical approach (one-box model) to estimate the O 2 discrimination associated with soil consumption (D 0 soil ) at this site. However, since the signals in the sandy soil were so weak, the effect of thermal diffusion on d
18 O values (of the order of 0.1%) could not be neglected (the effect on dO 2 /Ar is negligible). Subtracting the effect of thermal diffusion (d 18 O td ) from the measured d 18 O and rearranging (10) gives
Using the average temperature difference and the measured values of d 18 O and [O 2 ], the calculated discrimination in the soil was 12.4 ± 0.6% in the first experiment and 11.0 ± 0.6% in the second experiment.
As in the case of the clayey soil, we can use the more sophisticated five-layer numerical model. At the sandy soil site, soil air was sampled from one depth only because the signals were so small that any difference in the soil air in distinct layers was expected to be within the measurement error. Hence the model can be calibrated only by the measurements at one depth (90 cm). The respiration was assumed to decrease asymptotically to zero with depth (the model results were insensitive to the rate of decrease), and the discrimination was equal at all depths. Since appreciable temperature gradient occurred only in the upper 20 cm of the soil, the top of the soil was assumed to be in thermal diffusion equilibrium with the atmosphere. As in the analysis of the clayey soil site, respiration rate and discrimination were adjusted by iteration until the best fit to the observed data was found ( Figure 5 ).
The discrimination D 0 soil determined in this method was 13.0 ± 0.4% for the first experiment and 11.5 ± 0.4% for the second. Both values are in close agreement with the results derived from the one-box treatment (12.4% and 11.0%). The main source of error in calculating the discrimination is the d 18 O measurements (estimated diffusivity has no effect on the calculated discrimination when the soil air is in steady state). Although the changes in d
18 O during the day were not statistically significant, they behave in the same pattern as predicted by the model and followed (with some lag) the diurnal temperature changes.
The average discrimination associated with the soil respiration (D 0 soil ) at both the sandy soil and the clayey soil sites is 12 ± 1% and is significantly smaller than the commonly accepted value for dark respiration ($18%). This low discrimination is probably the result of diffusion limitation of O 2 transfer to the consumption sites in root tissues and in soil aggregates.
The discriminations reported above are the discrimination of uptake in roots and aggregate against soil air (D to be somewhat closer to diffusion in air because of diffusion limitation in the soil profile itself. At the sandy soil site the oxygen gradients between the soil and the atmosphere were very weak, and according to (3), when (C i ffi C o ), there is no diffusion effect. Stronger gradients were present in the clayey soil. However, since the discrimination in the soil was already close to diffusion (D 0 soil $12%), the ''leverage'' of this effect was small (see equation (3)). The changes in diffusivity in the soil (followed by irrigation) increase the soil profile effect slightly. Runs of the numerical model showed that in the observed conditions the average D soil in the clayey soil site is 12.9%. The average D soil for the two sites is 12 ± 1% (and D soil ffi D 0 soil ). Hence the discrimination in soil respiration is mainly controlled by slow diffusion into soil aggregates and roots, and the effect of diffusion in the soil profile is much smaller.
We have already demonstrated how diffusion limitation results in low discrimination in roots [Angert and Luz, 2001] . In the section below we discuss the effects of diffusion limitation in soil aggregates.
Diffusion Limitations in Soil Aggregates
As can be seen in Table 1 , discriminations measured in all soil incubations in air were lower than the expected value for dark respiration (18%). The low discrimination (8.4 -16.9%) is probably due to slow diffusion of O 2 into the aggregates and the site of consumption. When diffusion is rate limiting, O 2 concentration at the site of consumption is lower than ambient O 2 concentrations (i.e., [O 2 ] i /[O 2 ] a ( 1), and the apparent discrimination approaches the diffusion itself. The limiting step of the diffusion into the soil aggregate can be either diffusion in air or diffusion in liquid phase, depending on the water content of the aggregate. As expected, the effect of slow diffusion on decreasing the respiratory discrimination was stronger when high respiration rates or slow diffusion through the soil caused low [O 2 ] s (lower diffusivity is caused by higher clay content or higher soil moisture).
The discriminations measured in some of the experiments were lower than the discrimination of diffusion of oxygen in air (14%).
According to (3) the combined discrimination of diffusion and respiration should be intermediate between the contributing effects (D diff and D bio ). The very low discrimination measured in these experiments (8.4 -10.7%) suggests that the limiting diffusion cannot be diffusion in air and that it probably was in liquid phase, in which the discrimination is very low [Farquhar and Lloyd, 1993] .
Soil aggregates are known to severely limit O 2 diffusion [Sexstone et al., 1985; Zausig et al., 1993] . An independent test of the effect of slow diffusion in soil aggregates is provided by our result on the isotopic discrimination in suspended soil. In this experiment the soil was disaggregated into small particles, thus eliminating the effect of diffusion limitation. The discrimination in this experiment was much greater (20.1%) than in any other incubation experiments and represents the effect of bacterial uptake alone.
Very low discrimination (10.7%) was measured in the experiment with the sandy soil from 10 cm depth. The diffusion through the 3 cm thick profile in the incubation chamber was too rapid (k $ 0.4m 2 /d) for the creation of any diffusion limitation. Therefore we conclude that the limiting diffusion step was in the organic particles in the soil ($1 mm in diameter). The low value of discrimination measured indicates that this diffusion probably has occurred in liquid phase. This experiment demonstrates that local diffusion limitation can occur even in sandy soils, where the bulk of the soil air is well mixed.
Sampling of the soils probably disturbed its structures and might have caused changes in respiration rates. Hence the discrimination measured may not be a very accurate representation of the discrimination in natural conditions. Nevertheless, these incubation experiments show that diffusion limitation is an important mechanism that influences the discrimination in soil respiration. Moreover, the low discrimination measured in these incubation experiments can, at least partly, explain the low discrimination measured in the two soil systems. Taking into account that root respiration can cause an additional decrease in the O 2 concentration in soil aggregates, and the known diffusion limitations in root tissues, we conclude that the low O 2 discrimination in soils can be fully explained by the combination of known diffusion and biochemical discriminations.
Implications for the Dole Effect
Because of diffusion limitations, predominantly in roots and soil aggregates, the overall discrimination in soil respiration measured in the present study was $12%. This discrimination is markedly lower than the discrimination that has been used in models of the Dole effect so far (18%) [Beerling, 1999; Bender et al., 1994; Malaize et al., 1999] . Clearly, more research is needed to characterize natural systems, such as tropical and temperate forests and other high-respiration ecosystems. Yet the consistently low discrimination found in two contrasting soil environments, in controlled soil incubations, and in an earlier study on roots [Angert and Luz, 2001] suggests that such a phenomenon may be widespread. It is therefore possible that global-scale discrimination associated with soil respiration is lower by 5 -6% than is currently assumed in models of the global Dole effect.
To make a first approximation of the potential global implications of our findings, we consider again (1) and (2), which describe the global Dole effect. We also use the estimates used by Bender et al. [1994] : P t /P G $ 0.63 for the ratio of terrestrial to global productivity and $0.59P t for total terrestrial dark respiration. A value of 0.63 of total terrestrial dark respiration is contributed by soil respiration [Schlesinger and Andrews, 2000] . Thus R soil /R G is $0.23 (0.63 Â 0.59 Â 0.63). Given that, our new value (12% instead of 18%) for soil discrimination decreases the calculated Dole effect by $1.5% ([12 À 18] Â 0.23). This value should be considered in future models of the Dole effect together with other 18 O between lines a and c is not the respiratory discrimination but the temperature gradient. studies requiring increase in other components such as the d
18 O of leaf water [Beerling, 1999; Gillon and Yakir, 2001] .
Conclusions
(1) Discrimination against 18 O during O 2 uptake in soil respiration, at the clayey and sandy soil sites, is low and ranges from 11% to 14%, with an averaged value of 12%. (2) The measured discrimination is significantly lower than the commonly accepted dark respiration value ($18%). (3) The low discrimination is the result of diffusion limitation on O 2 transfer to the consumption site. This limitation is present in soil aggregates and roots. (4) If the discrimination found in this study truly represents the discrimination in global soil respiration, it would reduce the predicted Dole effect by $1.5% and should be considered in future model calculations.
